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ABSTRACT 

Data are presented indicating the rates and magnitudes of energy 
released by the liquid-phase reactions of various propellant combina- 
tions. The data show that this energy release can contribute signifi- 
cantly to the rate of vaporization of the incoming propellants and thus 
aid the combustion process. Nevertheless, very low performances were 
obtained in rocket motors with conventional impinging-jet injectors 
when highly reactive systems such as N 2 0 4 — N 2 H 4 were employed. A 
possible explanation for this low performance is that the initial reac- 
tions of such systems are so rapid that liquid-phase mixing is inhibited. 
Evidence for such an effect is presented in a series of color photographs 
of open flames using various injector elements. 

Based on these studies, some requirements are suggested for injector 
elements using highly reactive propellants. Experimental results are 
presented of motor tests using injector elements in which some of these 
requirements are met through the use of a set of concentric tubes. 
These tests, carried out at thrust levels of 40 to 800 lb per element, 
demonstrated combustion efficiencies of up to 98% based on equilibrium 
characteristic velocity values. Results are also presented for tests made 
with impinging-jet and splash-plate injectors for comparison. 


I. INTRODUCTION 


Several years ago, stabilized fuming nitric acid, SFNA 
(HNO :i containing 14 wt % NCh, 2 to 3 wt % H 2 0, and 
0.5 wt % HF), was substituted in the Corporal rocket 
engine for red fuming nitric acid, RFNA (HN0 3 contain- 
ing 6.8 wt % NO,). This change in oxidizer composition 
caused unstable combustion and a large loss of perform- 
ance with the aniline-based fuel used. Because of these 
unexpected results, an experimental investigation was 
carried out to determine the influence of water and NO_ 


on the combustion process in the nitric acid-aniline plus 
furfuryl alcohol propellant system. The detailed findings 
of this study are reported in Ref. 1, the conclusions of 
which are summarized below: 

1. The axial energy-release profile within a combustion 
chamber is controlled primarily by the rate of mix- 
ing and vaporization of the incoming liquids ancf 
the rate at which the vapors arc superlijpated to their 
I ignition temperature. 
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2. The rate of vaporization of certain liquid propellants 
mixed in a manner which produces droplets com- 
posed of both fuel and oxidizer can be controlled by 
the rate of energy released by liquid-phase and 
liquid-vapor reactions within the mixed droplets. 

3. The amount of energy released by the liquid-phase 
reactions is determined by the rate and microscale 
of mixing prior to film breakup and droplet evap- 
oration. The extent of molecular mixing controls 
directly the amount of energy supplied by neutrali- 
zation and other reactions having very small activa- 
tion energies. 

4. Additional energy release in the liquid phase can be 
controlled by the presence of certain catalytic 
species necessary for the rapid utilization by nitra- 
tion (or oxidation) of the energy made available by 
neutralization (or reactions of near-zero activation 
energy). 

Studies of the kinetics and mechanisms of aromatic 
hydrocarbon nitrations show that the nitronium ion 
NO?,, known to be present in anhydrous acid, plays a 


major catalytic role. Electrical conductance measurements 
indicate that about 5 % water is sufficient to suppress the 
self-ionization of nitric acid almost completely. There- 
fore, the large change in performance and in ignition 
delay of the acid-aniline systems resulting from the addi- 
tion of a relatively small amount of water to the acid may 
have been the result of a significant decrease in nitration 
rate in the liquid phase which greatly reduced the 
vaporization rate and the superheat temperature of the 
propellants. 

Because this work indicated that the liquid-phase 
reactions may be very important in determining the over- 
all combustion delay and, therefore, both the combustion 
efficiency and stability in nitric acid oxidized systems, a 
program was undertaken at the Jet Propulsion Laboratory 
to investigate the thermal behavior and the injector design 
requirements of liquid-phase-reactive propellant systems. 1 


’The authors wish to gratefully acknowledge the valuable contri- 
bution of guidance and assistance made by Arthur F. Grant, Jr., in 
his supervision of the program. 
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II. RATES AND MAGNITUDES OF LIQUID-PHASE REACTIONS 


Measurements by other investigators of rates of tem- 
perature rise in various types of stirred reactors have* 
shown that times of thermocouple response and mixing 
rates in such reactors limited the minimum reaction times 
which could be measured to the order of tenths of a sec- 
ond. Since we were interested in times of the order of a 
few milliseconds and also wished to study reactions under 
high pressure, a concentric-tube flow system was built 
with a retractable inner tube. A schematic diagram of this 
apparatus is shown in Fig. 1. Another configuration of 
the center tube that was used for some of the tests ended 
in a sharp knife edge at its downstream end (see Fig. 2), 
rather than the blocked end and radial holes shown in 

Fig. 1. 



Fig. 1. Mixing, Pressurizing, and Dilution Regions of the 
Liquid-Phase Reactor 


The mixing characteristics for several inner-tube designs 
were studied utilizing the neutralization reaction between 
dilute fCOH and HNO . In Fig. 2 the percentage of neu- 
tralization is plotted vs mixing length in tube diameters. 
The percentage was obtained by dividing the temperature 
rise read on the tube thermocouples by the temperature 
rise as measured for the same fluids in an adiabatic 
calorimeter. It can be seen that the tube thermocouples 
give quite an accurate result for the total temperature 
rise. The mixing rate of the knife-edge tube depends on 
turbulent diffusion and is quite sensitive to mixture ratio, 
whereas the four-hole-tube designs gave over 90% of com- 
plete molecular- scale mixing in 5 diameters (in about 1 
millisec). Also, the four-hole-tube mixing rate is nearly 
independent of mixture ratio, at least up to ratios of 3. 
The fluid velocities were of the order of 40 ft/sec, and the 
time scale is based on a density of 1.0. 


o 


4 -HOLE 
INNER TUBE 



KNIFE-EDGE 
INNER TUBE 




MIXING TIME , millisec 



DISTANCE OF THERMOCOUPLE FROM MIXING POINT, tube diameters (O) 

Fig. 2. Mixing Characteristics for Two Types of 
Inner Tube 

Measurements of a series of aliphatic alcohols were 
made in order to determine the effect of chain length and 
branching on the initial reactions with acid. Results of 
these tests are shown in Fig. 3. The initial profile of tem- 
perature rise vs mixing length can be seen to follow the 
mixing-rate curve (Fig. 2) for the apparatus. The reaction 
responsible for most of the temperature rise is probably a 
simple weak neutralization of the fuel. Approximate cal- 
culations indicate about 3 kcal/mole for each alcohol. 
However, in the case of isopropyl alcohol, a second 
reaction is activated. 

Tests were also made with diisobutylene in JP4 and 
hydrazine in isopropyl alcohol to test the ability of the . 
apparatus to determine the effect of additives. Isoprojpyi 
alcohol had tended to give unstable combustion with acid 
in several motors operated at the Laboratory. Addition of 
5-10% hydrazine had resulted in smooth combustion over 
a wide range of mixture ratios. The data show an increase 
in temperature at a rate equal to the mixing rate up to 
the maximum temperature. If the nitration reaction then 
occurs, it must result in vaporization and can not be 
detected by temperature rise. 
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doubling the concentration of UDMH doeflpot rqjult in 
a doubling of the temperature rise, indicate thlt the 
values of the maximum temperatures above flb&Jt W 
UDMH may be lirnited by vaporization of the resultant 
mixture. The temperatures attained by a mixture of 
methyl alcohol and diethylenetriamine, which is one of 
the most energetic nonhypergolic systems studied, ft also 
shown in Fig. 4 for purposes of comparison. 

The temperature rise as a function of mi3|ufe ratio 
after complete mixing is shown in Fig. 5. Thdcflct that 
the maxima occur at very low' mixture ratios Indicates* 
that liquid-phase reactions probably occur primarily 
between the acid and the additive, so that the quantity/)!^, 
acid required is low compared to total fuel w&ghwFh^ 
ure 5 also shows that systems in which thejriajp fum 

2 Aerojet-General Corp., Azusa, Calif. s M 

3 Reaction Motors, Inc., Denville, N. J. 
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MIXTURE RATIO MIXTURE RATIO 

Fig. 5. Values of Maximum Temperature Rise for Reactions of Various Fuels with SFNA as a Function 

of Mixture Ratio 


component may undergo fast liquid-phase reactions at neutralization or nitration. However, a calculation for 
several positions in the molecule have considerable self- methyl vinylacetylene at 300 psi, assuming no vaporiza- 

vaporization, even, at their respective mixture ratios for tion, gives about 105 kcal/mole. It seems apparent that 

optimum combustion. (See the curve for methyl alcohol ,, nitration reactions at unsaturated bonds must occur with 
plus diethvlenetriamine.) Fuels such as JP4 which do not a rapidity only slightly less than the rate of mixing, and 

undergo any appreciable fast reactions with SFNA in the that this /fuel molecule must undergo several energetic 

liquid phase will generally have widely different mixture reactions. It is probable that some actual oxidation is 

ratios for maximum performance than for maximum tejn- t occurring, because the value of 105 kcal per mole of fuel 

perature rise when relatively small amounts of additives^ is over one-quarter of the total heat expected for complete 
iite used. Optimum additives, therefore, should^have a . Jhombustion of this fuel. A calculation of the heat released 

per average mole of JP4 alone (MW ^ 184) gives only 
2.4 jkcal/mole or about 13 eal/gm, and it therefore seems 
quite clear that only vapor-phase reactions of this material 
are of any importance. 


high ratio of reactive center! Vv i^oleculac weight*. 

An approximate calculation df^he heat of reaction per 
mole of UDMH required to rais&.the mixture reilctjon 
temperature from that qjLpujre JPi-ac^d to that indicated 
for 10* UDMH in JP4 at 60 psf, a^uinu^fto vaporization 
and a mixture heat capacity of 0.5, gives a heat reaption 
of about 75 Ucal per mole of UDMH. At 300 psi, assum- 
ing no vaporization, a value of about 90 kcal per mole of 
UDMH is indicated. This energv is sufficient to com- 
pletely vaporize the SFNA-UDMH propellant system at 
a mixture ratio of 2.5 and to superheat the vapors to very* 
high temperatures. 

An approximate calculation of the heat of reaction per 
mole of the diethylamine gives 35 kcal per mole of 


fuel, Avhich could be the result of a single anhydrous 


The approximate calculations of heat release per mole 
of additive to the relatively inert solvent JP4 when oxi< 
dized by SFNA show that about 90 kcal/mole is released 
by '•UDMH and about 105 kcal/mole is produced, by 
methyl vinylacetylene. Since it is assumed that no heat 
went into vaporization at the high liquid temperatures 
involved, these values should be conservative estimates. 
Their magnitude indicates that liquid-phase reactions can 
indeed be very energetic. Furthermore, the reactions 
occur in times of the order of the mixing time of the 
propellants. 
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III. MIXTURE-RATIO DISTRIBUTION AND COMBUSTION EFFICIENCY 


From the foregoing sections it can be concluded that 
the best injector design for hvpergolic propellant com- 
binations is one which will produce maximum liquid- 
phase mixing. While the liquid-phase reactions will then 
control the vaporization rate and accelerate the combus- 
tion process, the over-all combustion efficiency attained 
in any given chamber is also dependent on the uniformity 
of the mixture-ratio distribution produced by the injector. 

Most engines are operated at over-all mixture ratios 
corresponding to the maximum on a theoretical perform- 
ance curve. Since any deviation from this mixture ratio 
therefore results in lower performance, it is apparent that 
not only the over-all but the local mixture ratios, as well, 
must be accurately controlled if highest performance is 
to be attained. Combustion may be kinetically complete 
in relatively short distances over a wide range of mixture 
ratios for any particular propellant combination. How- 
ever, at any over-all mixture ratio near maximum per- 
formance, the sum of the energy released by complete 
combustion of propellants operating at various local mix- 
ture ratios in the chamber will always be less than that 
produced by having all local mixture ratios equal to the 
over-all ratio. Any deviations in local mixture ratio pro- 
duced by an injector element can only be corrected by 
turbulent mixing and diffusion in a relatively low density 
accelerating fluid. Such a process in normal chamber 
geometries requires fairly long chamber lengths propor- 
tional to the size of the nonuniform local mixture-ratio 
regions. Therefore, unless a very large numl^er of injector 
elements are used, the resulting mixture-ratio distribution 
produced by each element should be as uniform as 
possible. 

Injector types such as the showerhead or like-on-like 
^patterns produce mixture-ratio distributions which vary 
greatly from point to point and utilize little of the avail- 
able liquid-phase reaction energy for vaporization. The 
use of impinging streams of oxidizer on fuel in the case 
of the acid-oxidized propellant systems produced the best 
performance in the smallest chamber of element types 
except a premixer. For example, a double row of imping- 
ing doublets was used with success in the injector of the 
Corporal engine and in the second-stage Vanguard engine. 

Some tests conducted during this program using dilute 
acid and base solutions, as well as previous investigations 


using dyed inert liquids (Ref. 2), have shown that the 
individual droplets in the spray resulting from impinging 
streams actually contain both propellants at a mixture 
ratio close to the local-spray mixture ratio. The present 
test measurements determined the pH of the droplets of 
a spray sample by impinging them on special indicator 
paper. Thus, impinging the propellants (providing they 
are not too reactive, as will be pointed out later) will pro- 
vide good liquid-phase mixing down to the sub-droplet 
scale. 

It is not sufficient, however, to merely obtain geometri- 
cal alignment of impinging streams if a uniform local 
mixture-ratio distribution is to be obtained. Work carried 
out at the Laboratory (Ref. 3) has shown that the velocity 
profile of the streams must be symmetrical and that the 
momentum ratio for a pair of impinging streams must 
have a singular value for any particular propellant com- 
bination at any given mixture ratio to give most uniform 
mixture-ratio distribution. In Ref. 4, equations relating 
the optimum mixture-ratio distribution to the mixture 
ratio, orifice-area ratio, and propellant-density ratio were 
given for several other impinging-stream elements. Those 
elements covered were a two-on-one, a two-on-two, and 
a four-on-one. 

The importance of operating at the correct mixture 
ratio for a given orifice-area ratio can be seen from Plates 
1 and 2. Plate 1 shows an open-flame test of two SFNA 
streams impinging on one JPX stream. The operating 
mixture ratio in this case does not meet the momentum- 
ratio requirements for uniform mixture-ratio distribution 
specified in Ref. 4 for a triplet injector element. The fuel 
stream does not penetrate the oxidizer, but is deflected 
to the outside of the spray fan. The central 90 deg of the 
spray which is rust colored is so oxidizer rich that ignition 
does not even occur. At the edges of this oxidizer-rich 
region are two narrow zones where the oxidizer and fuel 
are well enough mixed that a bipropellant flame is estab- 
lished. These regions appear as a hot blue flame in Plate 1. 
At the outer edges of the spray, the fuel-rich droplets 
ignited by the bipropellant flame bum with the surround- 
ing air. The white patch obscuring part of the bipropel- 
lant flame area at the bottom of the spray is caused by 
fuel vapor burning in air outside the plane of the spray. 

The same injector element is shown in Plate 2 operating 
near the fluid-velocity ratio which is optimum for pro- 


Page 6 


Progress Report No. 30-4 


Jet Propulsion Laboratory 


during good mixture-ratio distribution. In this case a hot 
flame is produced throughout most of the spray except at 
the very outer edges where some fuel-rich vapor is mixing 
and burning with air. It is apparent that mere spatial 
alignment of impinging*streams is not satisfactory if good 
combustion efficiency is to be produced. 

The two photographs show an additional feature of 
interest. In Plate 1, the center of the spray near the 
impingement point appears dark because only nearly pure 
liquid oxidizer exists in the fluid film in this region. The 


two areas on either side show an indication of liquid 
reaction causing vaporization and evolution of N0 2 . The 
extreme outer edge of the initial spray shows less vapor. 
Farther out in the spray, in line with the area of N0 2 
evolution, are the regions of spontaneous ignition and 
bipropellant combustion. In Plate 2, the uniformity of 
vapor and NO. gas is quite apparent near the impinge- 
ment point. The effect of these two distributions on the 
combustion efficiency expected in a rocket engine is quite 
obvious. 
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IV. THE EFFECT OF LIQUID-PHASE REACTIONS ON 
VAPORIZATION AND COMBUSTION RATES 


An injector element composed of two oxidizer streams 
impinging bn fuel streams is shown in Plate 3 operat- 
ing with SFNA and JPX. This propellant system produces 
just enough heat to be hypergolic under certain condi- 
tions. The element is shown operating near the optimum 
mixture-ratio distribution condition. Neglecting the ten- 
uous yellow-toned vapor-air flame, the main spray shows 
a relatively uniform bipropellant combustion zone occur- 
ring several inches away from the point of impingement. 
The structure of the spray shows a narrow cone angle 
which is very similar to that produced by this element 
with inert fluids. Although some vapor evolution is evi- 
dent, its rate and magnitude do not significantly affect the 
remaining liquid-spray mass distribution. A large number 
of liquid-droplet streaks can be seen, each droplet finally 
bursting into flame. 

A large amount of products from the initial reactions 
are condensed against the cool face of the injector. This 
material is primarily the result of the back spray which 
amounts to about 10% of the total flow for this type of 
element. The cooling is sufficient to prevent ignition, and 
the material simply foams off the face of the injector as 
gases are generated within the liquid mass. 

The more reactive system SFNA-UDMH with the same 
type of injector is shown in Plate 4. Practically no ignition 
delay is apparent, and the absence of liquid-drop streaks 
indicates a more rapid vaporization. Although the back- 
spray products condense on the cool injector face, the 
surface of this foam is ignited and burns. The products 
closest to the injector face are apparently cooled below 
the ignition temperature and flow downward off the injec- 
tor flange. The resulting mass distribution in the main 
spray shows some expansion over the water spray pattern. 
The small increase in cone angle, however, indicates that 


although ignition of the initial vapors is almost instant 
taneous, the main vapor evolution probably ocqtK 
sometime after liquid film breakup into droplets. 

Three different mixture ratios of the propellant com- 
bination N : »O r UDMH are shown in Plates 5, 6, and 7. 
Plate 5 shows operation at a mixture ratio more fuel rich 
than the ratio for optimum mixing. The rapid evolution 
of gas at the impingement point has greatly increased, 
the resultant spray-cone angle. The spray is fuel rich | 
on the outside, as indicated by the streak patterns of a 
few fuel droplets. The wide angles of divergence of these 
streaks indicate that initial vapor generation occurred 
violently within the initial liquid mass just after impinge- 
ment. This gas evolution is apparent in the photographs. 
There is only a trace of condensed froth on the injector 
face, and the light liquid film that does cover the face 
from the direct back spray burns immediately without 
dripping off. Apparently, unlike the acid-oxidized sys- 
tems, the NjO, system does not form high-boiling, fairly 
stable liquid products. It is probable tliat some direct 
oxidation to water vapor and other gases occurs. 

In Plates 6 and 7, operation is shown at oxidizer-rich 
and optimum mixture ratios, respectively. Nearly com- 
plete self -valorization is indicated. 

Thus, by utilizing hydraulically stabilized impinging j 
streams (as defined by the criteria of Ref. 3) with the 
correct velocity ratio for optimum mixing, a uniform, 
self- vaporizing propellant mixture can be developed by 
each injector element for most hypergolic systems. Injec- 
tor elements producing uniform primary mixing with 
hypergols can eliminate much of the critical dependence 
of combustion efficiency on recirculation patterns nor- 
mally required to supply both heat for vaporization and 
ignition, and turbulence for secondary mixing. 


r*' T\ * f\, 
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V. RESULTS FOR EXTREMELY REACTIVE PROPELLANT SYSTEMS 


As a result of system studies made early in 1957, the 
: Laboratory undertook the investigation of two promising 
storable propellant combinations: N O, -hydrazine and 
C1F -hydrazine. Based on the results described above, 
Jfhe injector supporting-research program proposed for 
fnese storable systems had the following objectives: 

1. Development of an injector element which would 
produce as uniform a mixture-ratio distribution as 
possible. 

♦2. Determination of the scaling characteristics of such 
an element up to 5,(KK)-lb thrust, so that the minimum 
number of elements required for any total-thrust, 
level and chamber geometry could be specified. 

• 3. Investigation of the effect of various combinations of 
such elements on the combustion profile and stability 
at several total-thrust levels. 

Initial testing of these two hypergolic combinations 
was carried out using impinging-stream single-infectoi: 
elements at various thrust levels. Tests w'ere also made at 
JPL’s Edwards Air Force Base Test Station using a double 
row of impinging streams at 20, 000-lb thrust with orifices 
modified to meet the optimum mixing criteria for N 2 0 4 
and The performance results from these early tests 

were disappointingly low\ In one type of 20,000-lb injec- 
tor having 90 pairs of impinging streams, a characteristic 
velocity of only 4,100 ft/sec was obtained. In addition, 
extremely rough combustion occurred in most cases. 
Using single-element configurations such as doublets and 
triplets, which worked well w ith acid-oxidized hypergolic 
systems using fuels other than hydrazine, performance 
was low and, in addition, explosions occurred throughout 


stream of N..0 4 on a stream of N_.H, appears to result in 
an immediate violent vapor evolution at the interface of 
the two liquids. Thus, a substantial portion of the oxidizer 
and fuel may be blown apart without being mixed. Fur- 
thermore. the violence of the effect disturbs the incoming 
streams so that the mixing and reaction which does" occur 
is highly unstable. 


The impingement of concentric streams of w ater on the 
flat end of a rod is shown in Plate 8. A thin, slightly cone- 
shaped fan is formed. The same concentric set of tubes 
having NX)* flowing through the outer annulus and N*H, 
through the inner tube is shown in|J?late 9. The dark 
reddish region on the right and the yellow ifh^cui on on 
the left suggest that the oxidizer and fuel wpre sq^rAecl 
by the violence of the initial reaction before mixii j^t Wmd 
take p^ace. The N_O v appears to undergo a reversal of 
t i N Jkis foiwd hawarjl into a narrow* 
con» around tfierod where it burns with air, producing a 
characteristic yellowish flame. A hot flame exists between 
these two zones where some mixing has occurred. The 
contrast in mass distribution between Plates 8 and 9 is 
very striking. 


The impingement at 180 deg of a stream of N O, bn a 
stream of N_>H , is shown in Plate 10. The separation of 
fuel and oxidizer is again suggested by the dominantly 
reddish zone on the left. In Plates 11 and 12 impingement 
is shown at 120 and 45 deg, respectively. In Plate 11, 
streaks from hydrazine droplets can be seen moving even 
at right angles to the resultant spray fan, which would 
be quite flat if the fluids were inert. The yellow ish region 
is characteristic of N\H ,-rich combustion with air. 


each of the tests with N*0 4 and N.H,. 



The two-on-two element gave the highest performance 
and stability with both N 2 0 4 -N-H 4 and ClFt-N-H,, but 
the maximum characteristic velocity at 500-lb thrust w^as 
still only 5,300 ft /sec. To find the reasons for this low 
performance, studies were made of open flames of 
NX> 4 -N 2 H 4 and of the combustion of N.0 4 ~N 2 H 4 in 
transparent rocket-motor chambers. From these studies 
it appeared that the low performance obtained with 
Nv0 4 -N_.H 4 resulted because these liquids react so rapidly 
that normal liquid-phase mixing and distribution does not 
have time to occur The impingement of a stable liquid 


Plate 13 shows two frames from a hfgfi-S^eed mo li° n 
picture of a single pair of impinging streams designed on 
the basis of equal stream momentum (Ref. 3) operating in 
a transparent combustion chamber at 200 psia. Again, 
evidence of incomplete mixing of fuel and oxidizer, even 
at high pressure, is shown. In Plate 14, two sequences of 
frames from this motion picture show' that the hydrazine- 
rich vapor region undergoes violent explosions about 100 
times a second. Thus, the low performance obtained with 
impinging-stream injectors may be due to very poor initial 
mixture-ratio distribution, persisting even out through 
the nozzle. 
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It had been found in a series of small-scale tests 
carried out at the Laboratory many years ago that a 
splash-plate injector gave by far the best performance 
with N_0,-N Jf ,. Tlie reason for this result, in light 
of the data above, now appears clearer. A schematic 
injector is shown in Plate 15. On the right side, a typical 
cross section of a doublet impinging-stream injector is 
shown. The separation of oxidizer and fuel from the 
impingement point is indicated. The left-hand side shows 
a cross section of the same injector w ith a splash plate in 
position. The separated oxidizer vapor and spray cannot 
channel down the 1 w T all but are forced past the injector 
face and pass again into the fuel spray and vapor coming 
off the lip of the plate. This secondary mixing, plus the 
flame-anchoring effect of the forced recirculation of hot 
combustion products, results in a verv large increase in 
performance. Data for impinging-stream injectors are 
plotted in Fig. 6, both with and w ithout a splash plate, 
tor 20,0fK)- and 15,000-lb thrust. 


i ifljHTi 



Fig. 6. Performance of N l O ( -N H } at 20,000- and 
45,000-lb Thrust 

because of the successful results obtained with a splash 
plate in the 20,000-lb-thrust motor, a splash-plate injector 
is being investigated for the/!?X)0-lb-thrust \ () r \ H, 
pn i pnl t rHn i system proud l y muW dim li ipmriil T T Tfi e 
The results obtained to date with two models 


of splash-plate injectors for the feOt'HMb motor are shown 
in Fig. 7. A comparison of these data with the results 
shown in Fig. 6 indicates that the splash-plate design 
appears to give lower performance at the higher thrust 
levels. This result may be connected with the linear 
dimensions of the larger motors, so that secondary mixing 
uniformity may be more difficult to achieve. The hydra- 
zine leaving the lip of the plate must travel farther to 
reach the central oxidizer core. Since the pressure drop** 
across the splash plate indicates a high-velocity compres- 
sible fluid flowing out through the splash-plate opening, 
radial penetration of the hydrazine into this oxidizer-rich 
How to give complete secondary mixing may be quite 
scale limited. 

Because of this possible scale limitation and the large 
L required, the splash-plate injector is considered to be 
only an interim solution for immediate development pro- 
grams using N II,. Work is therefore continuing on the 
development of stable, high-performance injector ele- 
ment^ for extremely reactive systems. Such elements 
would offer a range of engine scalability and flexibility of 
operating conditions much wider than is possible with the 
splash-plate design. 



Fig. 7. Performance of N O.-N H, at 6,000-lb Thrust 
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VI. THE CONCENTRIC-TUBE INJECTOR ELEMENT 


A. General Characteristics with Acid-Oxidized 
Propellant Combinations 

One approach to the design of an injector element pro- 
viding better mixing and higher performance with the 
NX),- and OF -hydrazine systems has evolved from the 
apparatus described in Section II. Designed to study 
the rates of liquid-phase reactions between fuels and 
oxidizers, this apparatus consisted of a set of concentric 
tubes. The inner tube contained radial holes and was 
retractable so that various amounts of premixing could be 
obtained. During the studies of liquid reactions, visual 
observation of the jet issuing from this set of tubes with 
some premixing showed that for reactive combinations 
the propellants were extensively vaporized and expanded 
rapidly and uniformly without any additional atomization 
technique being required. It appeared that such a device 
would introduce the propellants into the combustion zone 
V * with a uniform mixture ratio and mass distribution. 

The water stream emanating from a set of concentric 
Kibes is shown In Plate 16. The end of the inner tube is 
cpt to a knife edge in order to avoid stagnant regions at 
tlfe end of this tube. The two streams remain concentric 
and do not diverge even if the stream velocities are 
unequal. The resultant stream is also unaffected by the 
refraction of the inner tube into the outer one. As shown 
in *jFig. 2, for nonreactive fluids about 40 diameters of tube 
length is required for complete mixing at a mixture ratio 
of 2.0. 

; The behavior of the streams is quite different with 
inactive fluids. Plate 17 shows the behavior of the 
v concentric-tube injector with JPX in the inner tube and 
SFNA in the annulus. The 40 \vt J CDMH contained in 
JPX is just enough to make this propellant combination 
hvpergolic at 1 atmosphere. The inner tube is retracted 
0.27 in., which is equivalent to about 4 tube diameters of 
mixing length (referred to the inside diameter of the outer 
tube). With inert fluids this amount of retraction produces 
very little liquid-phase mixing. In Plate 17, the rust color 
represents regions rich in nitric acid, the bright streaks 
represent droplets burning, and the bluish flow represents 
oxjdizer-rich gas-phase reac tion. The droplets do not burst 
into flame until enough heat has been.generated by liquid- 

# ise reactions to bring the droplets to the ignition tem- 
ature. The primary luminous flame is therefore located 


some distance off the end of the tufifcv 'From the picture 
it is apparent that even at such a small amount of retrac- 
tion, sufficient mixing and reaction take place to vaporize 
most of the propellant. Therefore, the mechanism of 
liquid-phase mixing with these reactive fluids must be 
very different from that with nonreactive fluids. Appar- 
ently the vapors generated upon initial contact break up 
the individual liquid streams sufficiently to enhance mix- 
ing. The resultant premixed vapor-liquid mixture appears 
to be fairly uniform in mixing-ratio distribution and under- 
goes smooth combustion. # 

The characteristics of the flame produced by the 
concentric-tube injector with the SFNA-JPX propellant 
system are strongly affected by the extent of retraction. As 
the inner tube is retracted, the liquid-phase mixing and 
the extent of the initial reactions are greatly enhanced. At 
a sufficiently large retraction— about 5 diameters for this 
system— enough reaction takes place to raise the pressure 
in the mixing region above the value required for critical 
flow.*The gas-liquid mixture escaping from the outer tube 
then goes through a shock wave which, it is suggested, 
atomizes the liquid and further mixes it with the* vapors. 
Subsequent expansion cools the mixture to a temperature 
sufficiently low to preclude spontaneous ignition. 

Plate 18 shows the operation of the SFNA-JPX system 
described above with a retraction equivalent to 5 diam- 
eters (0.35 in.). The gases escaping from the outer tube 
form an expansion cone characteristic of gases escaping 
at supercritical pressure. The gaseous products formed 
upon the initial reactions and cooled by the subsequent 
expansion are apparently stable enough that they cannot 
undergo further combustion without the -addition of heat 
from an external source, such as a previously established 
flame front. The flame is established through spontaneous 
ignition during the startup transient w hen the propellant 
flow s have not yet reached their full values and when the 
vapors escaping fr#m the mixing region have not yet 
reached sonic flow. The flame front then locates itself at 
a position where the space velocity of the premixed vapors 
is equal to the flame-propagation velocity. The uniformity 
of the flame front gives an indication of the uniformity of 
mixture-ratio distribution within the vapor. The few ran-s 
dom bright streaks in the flame are probably due to 
mixing and combustion with air. 
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At retractions greater than 5 diameters the gross char- % 
aeteristics of the: vapdf generated and the flame do not 
appear to be different from those shown in Plate 18. 
Experiments hitv& neen carried out with retractions as 
large as 50 diameters. The pressure generated in the mix- 
ing zone iUKl Hie quantity of gaseous products generated 
increase with increased retractions, which results in an 
* increase ill vapor velocity. Under some conditions the 
luminous flame can actually be blown out. The vapor 
generation and. thus, the subsequent combustion were* 
'smooth and stable at all retractions below the blow’off 
limit. 

A propellant system slightly more reactive than the 
SFN'A-JPX system is SFNA-UDMH. Plate 19 shows the 
operation of this system with UD\1H in the inner tube 
at r zcro retraction. The initial reactions between the two 
propellants proceed with a very slight ignition delay to 
produce a mixed vapor which results in a smoothly burn- 
ing flame. Retraction of the inner tube with this propellant 
system produces combustion similar to that shown in 
Plate 18. The two propellants again are premixed in the 
outer tube, undergo some initial reactions, vaporize 
because of the heat released in these reactions, and escape 
from the tube at sonic velocity. The flame can again be 
blown off the end of the tube. 

8. Initial Rocket-Motor Tests with Acid-Oxidized 
Propellant Combinations 

In light of the observations described above, it appeared 
that the concentric-tube configuration could successfully 
be used as an actual injector element. The 40-lb-thrust 
scale injector element shown in Fig. 8 was therefore con- 
structed. To enhance the mixing of the propellants, the 
inner tube was closed at the end and four radial holes, 
eacli one-half the tube diameter, were provided. The 
inner tube was made retractable in order that motor tests 
could be carried out at different retraction distances. The 
inner tube could be retracted during any given run. The 
characteristic exhaust velocities obtained with this injec- 
tor using SFNA and UDMH were quite high. Tests were 
carried out at chamber pressures from 150 to 300 psia, 
and combustion was smooth and stable at all retractions. 
The chamber had a contraction ratio of about 7:1. 
Performance first increased with retraction, but then 
decreased (see Tables 1 and 2). Peak performance as high 
as 977 of theoretical frozen-flow characteristic exhaust 
velocity, uncorrected for heat losses to the cooled chamber 



SFNA-UDMH 


and nozzle, was obtained at inner-tube retraction of 0.06 
to 0.08 in. Optimum mixing at minimum exit velocity, 
apparently takes place 1 at this point. At longer retractions 
a blowoff condition, such as shown in Plate 18, may occur. 
Under these conditions the flame probably anchors itself 
at some point downstream in the chamber where recircu- 
lation is strong enough to establish a flame front. During 
one run, at a retraction of 1.2 diameters, ignition did not 
occur in the chamber, and no luminous exhaust was 
observed. The measured characteristic exhaust velocity of 
3,759 ft/sec indicated that approximately 507 of the total 
heat available had lx*en released in the initial reactions. 
The higher performance frvels attained at an L* of 31«in. 
(Table 2) are the result of operating at higher mixture 
ratios and of having a lower heat-transfer correct ifta 
required compared with the data obtained at 38 in 
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Table 1 . Performance of 38-in. -L SFNA-UDMH 
Premix Injector 

Contraction ratio ^ 7 

Data uncorrected for heat losses 


Retrac- 

tion 

in. 

P, 

psia 

r 

c* 

H/s«c 

C*/ eth.fr 

•/. 

0.02 

158 

2.00 

4870 

92.7 

0.02 

182 

1.91 

4860 

92.8 

0.02 

187 

1.96 

4940 

94.0 

0.02 

267 

2.26 

4965 

93.7 

0.02 

301 

2.08 

4990 

94.6 

0.05 

165 

2.30 

4920 

93.0 

0.06 

183 

2.07 

4935 

93.8" 

0.06 

185 

2.2 1 

5000 

94. 6 a 

0.07 

188 

2.04 

5030 

95.6 

0.08 

167 

1.84 

4840 

93.0 

0.08 

195 

2.00 I 

5030 

95.8 

0.08 

269 

2.23 

5020 

95.0 

0.08 

271 

2.22 

5090 

96.1 

0.09 

197 

2.07 

4925 

93.6 

0.09 

235 

2.00 

5020 

95.6 

0.10 

197 

2.11 

4950 

94.0 

0.10 

254 

2.29 

4940 

93.2 

0.10 

257 

2.09 

4760 

90.5 b 

0.10 

278 

2.26 

4945 

93.4 

"•Rough, low-frequency operation. 
'•Very rough, two -level operation 




Table 2. Performance of 31-in.-t SFNA-UDMH 
Premix Injector 

Contraction ratio = 7 

Data uncorrected for heat losses 


Retrac- 

tion 

in. 

P, 

psia 

r 

c* 

ft/MC 

C /^th.fr 
% 

0.02 

252 

1.92 

4730 

90.7 

0.02 

255 

1 2.26 

4870 

92.0 

0.02 

264 

1.96 

4910 

94.0 

0.02 

264 

2.30 

5020 

94.7 

0.02 

270 

2.47 

4975 

93.8 

0.06 

271 

2.50 

E 5080 

95.7 

0.06 

276 

2.53 

5150 

97.1 

0.06 

278 

2.57 

5140 

96.8 

0.08 

262 

2.56 

5065 

95.7 

0.08 

267 

2.58 

5130 

96.8 

0.08 

269 

2.64 

5120 

96.8 

0.10 

248 

2.66 

4955 

94.0 

0.124 

262 

2.70 

5010 

95.0 

0.134 

266 

2.53 

4980 

94.0 

0.134 

266 

2.58 

4940 

93.2 

0.159 

202 

2.58 

3750 

70.7 s 

0.172 

244 

2.61 

4905 

92.7 

a No luminous flame reaction. 

— 


— 


From these results must be concluded that the ou v / 
elation of UDMH f>y nitric acid consists of two se r*> 
reactions, each releasing large quantities of heat The 
initial reactions, which vaporize and superheat the pro- 
pellants, result h\ intermediate inaction products which 
are stably endiigh that they do not undergo further reac- 
tion upon being ’cooled by the expansion trajui dierela- 
tivelv high pressure in the mixing region m ^ll^lowcr 
pressure in the combustion chamber. The second setWf tl i^^ 
of reactions, which usually result in a luminous flame, 
cannot proceed under these conditions. If, however, a 
flame is once anchored in the chamber, it cannot be blown 
out. Establishment of the luminous flume can be accom- 
plished by starting tl>e motor at a small retraction and 
then retracting the inner tube under combustion condi* - | 
tions. In this manner retractions in excess (if 1.2 dtameters^i*^ 
can be obtained without the loss of the luminous flame. 



C. Initial Tests with N O -N H at 40-lb Thrust 

In light of the success obtained with the premixing 
concentric-tube injector using SFN A-UDMH, it appeared 
that an injector of this type would also yield high per- 
formance with which is much more reactive 

than the former system. The performancejaLN 
with the four-hole inner-tube injector at zero retraction’ w 
under conditions similar to those of Section III, however, ^ 
was low and the combustion was quite rough. This . 
behavior was attributed to the nonuniform mixing and 
propellant distribution produced by the four-hole injector 
without premixing. Gross imbalances in the mixture-ratio 
distribution may give rise to . detonable hydrazine-rich 
mixtures in the chamber and may lead to incomplete 
combustion. Attempts to retract the inner tube produced- 
sharp explosions occurring at random throughout a test, 
and finally resulted in destruction of the tubes. 

In order to improve the mixing at minimum retraction, 
the inner tube was modified by the inclusion of a Hat 
distributor at the end of this tube. This configuration at 
the small scale produced a striated radial sheet of bifc 
propellant which apparently penetrated the annular * 
stream of the other propellant. Thus, a fairly uniform 
mixture-ratio distribution was established, even though 
some separation of fuel and oxidizer occurred. Some tests^ 
were carried out with the fueiin the inner tube and others 
with the fuel in the annulus: With the inner tube thus 
modified, a characteristic exhaust velocity of 5,000 ft /sec, 
which corresponds to <S8 ‘a of theoretical frozen flow, was 
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obtained at zero retraction with tliepxidizer on the inside. 
IVrfoni^mce could be materially improved by retraction 
of the inner tube. At a retraction of 1 diameter the char- 
acteristic exhaust velocity increased to 5,600 ft /sec, cor- 
responding to 98% of theoretical frozen flow* uncorrected 
for heat losses. ' 

At detraction distances, however, random 

^jlogjms occurred in the mixing region which finally 
resulted in the destruction of the injector. In the process 
of trying to determine the regions of stable operation of 
such an injector with premixing, it was discovered that 
beveling the end of the outer tube at an included angle of 
60 deg resulted in both stable operation and high per- 
formance even at zero retraction. The final design which 
has been found to give the best operation is shown in 
Figs. 9 and 10. 



Fig. 9. Tube Configuration of 40-lb-Thrust Injector Used 
with N,O l -N,H 4 





Fig. 10. Distributor Pin Used in 40-lb-Thrust 
Concentric-Tube Injector 


The deflector pin (Fig. 10) is fixed in place by screwing 
it into the threaded inner tube and then crimping the 
inner tube in a collet. This method of fixing the deflector 
has been found superior at small scale to all other methods 
tried, which include soft dbldering, silver soldering, gold 
soldering, and nickel-base brazing the threads inside the 
tube. The water spray produced with this deflector is 
much more uniform than that produced by the four-hole 
inner tube; however, four pronounced streaks are still 
apparent, as well as many finer variations in mass concen- 
tration. Some improvement in the uniformity of the spray 
probably could be achieved by remov ing the guide vanes 
farther upstream, but then the neck holding the head of 
the distributor would be severely weakened. The four 
guide vanes which fix the inner tube with respect to the 
outer tube are cut from a flat sheet and are spot welded 
to the inner tube. They also disturb the flow pattern, but 
to a smaller degree than the vanes in the inner tube, as 
they are located farther upstream. The resultant hollow- 
cone spray produced by water flowing through both the 
inner tube and the annulus exhibits mass flow imbalances 
caused by all eight guide vanes. 

The performance as a function of mixture ratio of the 
concentric-tube injector shown in Fig. 8, modified accord- 
ing to designs shown in Figs. 9 and 10 and using 
N_.0 4 -N_.H,, is given in Table 3. A correction to measured 
c* values was made for heat transfer using the equation 


= cl 


At 40-lb thrust this correction was appreciable, amounting 
to about 4%; whereas at the higher thrust levels the mag- 
nitude of the corrections falls off rapidly, and they were 
generally not made. The data were obtained with the 
fuel in the annulus and the oxidizer in the inner tube. 
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Table 3. Performance of 40-lb-Thrust N.O,— N.H. 
Motor with Concentric-Tube Injector Element 

Contraction ratio = 7.7 
Data corrected for heat fosses 


L* 

in. 

Pc 

psia 

r 

c* 

ft /tec 

46 

294 

0.626 

5540 


294 

0.754 ^ 

5640 


292 

0.864 ' 

5690 


281 

0.982, 

5730 


283 

0.985 

5680 


280 

1.14 

5680 

38 

272 

0.5*6 

5260 


287 

0.5f*- 

5440 


258 

0.630 

5500 


291 

0.696 

5530 


287 

0.800 

5620 


291 

0.896 

5660 


271 

0.959 

5660 


280 

0.994 

5660 


262 

1.11 

5660 


283 

1.16 

5660 


280 

1.24 

5650 

31 

282 

0.700 

5440 


277 

0.761 

5520 


274 

0.872 

5570 


273 

0.975 

5590 


276 

1.03 

5600 


269 

1.11 

5600 


284 

1.17 

5600 

If 

263 

0.652 

5110 


265 

0.685 

5250 


276 

0.795 

5350 


270 

0.827 

5460 


270 

0.951 

5450 


286 

1.095 

5440 


277 

1.265 

5370 


% 

Reversing the propellants had little effect on the per- 
fojjftance at this thrust scale. A comparison of the 
performance of the concentric-tube element with a two- 
on-two and a triplet element using the same propellant 



Several Types of Injector Elements at 40-lb Thrust 

the oxidizer in the inner tube are shown in Fig. 12. In this 
Figure variations in the chamber pressure were obtained 
by varying the propellant flow rates at constant nozzle 
diameter. If the nozzle diameter is changed to a different 
value, a similar curve with variation in propellant flow 
rate is obtained. Furthermore, the maximum of this new 
curve occurs at the' chamber pressure corresponding to 
the same propellant flow rate as the maximum of the : 

* 

Table 4. Performance of 40-lb-Thrust N.O.-NH, | 
Motor with Two-on-Two Injector Element 


combination is shown in Fig. 11. Data for the two-on-two 
and triplet elements are presented in Tables 4 and 5 
respectively. At equal chamber lengths and diameters the 
concentric-tube injector performs considerably better 
than either of the other two injectors. Since the activation 
energies of the gas-phase reactions are not dependent on 
the injector characteristics, one possible explanation for 
the improvement is that the concentric-tiibe injector * 
produces a more uniform initial mixture-ratio distribution, 
which is necessary for complete combustion. 

throttling characteristics of the concentric-tiibe 
injector described above with the fuel in the annulus and 


LV= 31 In. 

Contraction ratio = 7.7 
Data corrected for heat losses 


Pc 

psia 

r 

c* 

ft/ sec 

228 

0!91 8 

5300 

286 

0.931 

5440 . 

304 

1.01 

5400 

289 

1.04 

5390 

315 

1.05 

5470 

276 

1.095 

5410 

297 

1.18 

5500 

296 

1.30 

5500 
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Table 5. Performance of 40-lb-Thrust N O,- N_H 4 
m Motor wi^h Triplet-Injector Element 

L* — 37 in. 


t Pc 

psia 

r 

c* 

ft/ tec 


162 

L&*' 1.04 

5300 


214 

■\ 1.10 

5260 


218 

1.05 

5300 


258 

0.97 

5300 


277 

0.95 

5260 


254 

0.83 

5260 






Z.*= 38 in. - 
MIXTURE RATIO-0.95' 
CONTRACTION RATIO » : 7 3 






300 400 

CHAMBER PRESSURE, psio 

Fig. 12. Performance of 40-lb-Thrust NO.-FfH* 
Concentric-Tube Injector as a Function of 
Chamber Pressure 

curve in Fig. 12. Hence, it follows that the variation in 
the characteristic exhaust velocity with chamber pressure 
is due to changes in the mixing characteristics produced 
by variations in the injection velocities, rather than due 
to any pressure dependence of the chemical reactions 
involved. It appears, therefore, that at least for this 
injector-propellant combination, optimum injection veloc- 
ities exist. On the oxidizer side, 25 ft/sec is required, and 
on the fuel side 30 ft/sec* is required. The velocity-head 
pressure drops corresponding to these velocities are 9 and 
4.2 ps^ respectively. Pressure drops of this magnitude 
are easily varied over a large ratio, even in pressure-fW 
systems. 

The combustion was found to be smooth and stable at 
all pressures and at all chamber lengths. No damage of 
any sort to the injector was noted, even though the injec- 
tq^-had been started well over one hundred times and 
# *Tiad b^eit run for a cumulative time of about 45 min. Start- 
ing was accomplished without the use of any auxiliary 
means such as flushing tjie injector with' nitrogen or with 
water. During shutdown the injector and the propellant 



lines' downstream 5 6f the fire vijfes were flushed with 
water to prevent the propellants fronr gripping into the 
combustion chamber after the emickision of the run. 
Whether such a shutdown x>»cedure :is really mjuired 
has not been investigated Ht is suggested that th^peces- 
sity of flushing the injeclyr diiring shutdt&vn be investi- 
gated specifically for each* injector configuration. 

Heat transfer to the injector face plate was found to be 
minimal. The overall heat-transfer rafe to the injector 
was approximately U1 Btu/in. 2 sec. The heat transfer in 
the chamber was af$o low. The value; predicted by the 
method described p iRef. 5 for the combustion chamber 
is 30% higher than the rate actually measured. This is 
quite significant, especially in light of the fact 
predictions made by Bartz’s method ,are normally toodow 
for thrust chambers with high contraction* ratios. Appar- 
ently the regions adjacent to the chamber walls for some 
distance downstream, of the impingement point are rich 
in hydrazine Jthe propellant in the annulus in this series 
of tests). This^ould give a relatively cool boundary layer 
which mixes dow nstream to complete the combustion. In 
addition, the rapidly expanding vapors from initial reac- 
tions quickly fill the cross-sectional area of the* cumber 
so that little recirculation of very hot gases occurs. Thus, 
the heat transfer^ to the chamber walls is materially 
decreased over the initial region of the chamfer. Pre- 
sumably, if the oxidizer is in the annulus, a d&creased 
heat-transfer rate due to a boundary layer rich in N 2 0 4 
will be observed. 


D. Open-Flame Studies of NjD -N H 4 

In order to understand the combvistion of the N ^O^&sH * 
propellant combination and to fitid out wny premixing 
was unattainable with this system, a series of open-Ram e 
tests was made. The study of open flames with this system 
is particularly instructive as the intense dark brown edor 
of nitrogen tetroxide identifies regions of the flame* rich 
in this component. Regions rich iri hydrazine are iden- 
tified by the colorless liquid itself, or a yellow flame which 
is characteristic of hydrazine-rich combustion. 

1. Knife edge. The characteristics of the stream^ pro- 
duced by a set of knife-edge concentric tubes at zero 
retraction w ith in the inner tube and N-IL in the 

jy^Qiilusiare shown in Plate 20. In the picture the brown 
cofe wnrists primarily of the oxidizer and the bright 
streaks we mainly droplets of hydrazine. The xtejaj! of 
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£e^6tion between the two propellants is exceedingly slight, 
ii)d the hfminous flame is almost completely absent. This 
.fiehavior of the streams is quite unexpected in light of the 
Skit |that with less reactive systems, such as the ones 
SHmA in Plates 17 to 19, much more reaction takes place 
C Vitfer (identical injection conditions. 

differences in behavior may be explained in terms 
l~of ahc rates of the initial reactions of the various propel- 
\ Jynt |ystems. With relatively slow reacting systems, such 
as SFNA-JPX and SFNA-UDMH, there is an ignition 
delay time juf -die order of a few milliseconds. That is, 
combustion is no^uriitiated until a few milliseconds after 
the propellants have come into contact. During this time 
interval liquid-phase mixing may take place. The mixed 
liquids then react in the liquid phase until enough heat 
ix generated to vaporize the propellants and to bring the 
reaction products to their ignition point. The vapors and 
gases generated in this manner then serve to atomize 
whatever liquid is still present. The resultant liquid-vapor 
mixture then undergoes combustion. 

With N_0 4 -N 2 H 4 the reaction delay appears to be 
exceedingly short. No measurement of its exact value has 
been made; however, from various tests it can be esti- 
mated that the delay time is much less than 1 millisec. 
During such a short time interval very little liquid-phase 
mixing Can take place. As the two propellants come in 
contact, some reaction takes place almost immediately, 
and t e gaseous reaction products may form an expanding 
’heart buffer between the propellants. Thus, additional 
intef&ction between the propellants could he prevented 
and the f%el and oxidizer streams would diverge without 
undergoing further combustion. The differences in the 
combustion characteristics of the systems considered may 
thus be due t© differences in the delay times of the Initial 
energetic reactions. 

Under some conditions the inner tube may be retracted 
into the outer one to provide a confined mixing section. 
Under these conditions the high-velocity liquid- vapor 
mixture escaping from the mixing section consists of a 
hard core of oxidizer surrounded by a mantle of fuel. 
In tin's case the propellants may react upon contact within 
the outer tube, and the gases generated in the initial reac- 
tions could cause lamination of the fuel and the oxidizer, 
tfjus preventing further reaction. The gas layer separating 
thutjvo propellants seems to be very unstable. Under most 
editions, of premixing, the gas layer breaks down and 
allows birthhi contact and reaction, which again results 




in the formation of ga^yt the interface^ccompanied 
by some heat release. With each successive burst of reac- 
tion, the temperature of ihe propellants and the*p ressure 
\vifhin the mixing zone are increi^d. Eventually the * 
temperature and pressure reach hi ™ enough v^kies tc 
cause explosive decomposition of the hydrazine and ahj 
intermediate reaction products that may be present. Fr^ 
the damage inflicted upon the mixing tube it can b€|< 
mated that peak pressures as high as 50,000 psi are 
crated within the mixing zone. Because of pressure si 
of such magnitude, the propellant flows are completely 
stagnated, which results in an increase in the time oD 
re^denee of the still uncombusted propellants in t her.' 
n|9hg zone. With sufficient time for reaction, a zone or 
high pressure and temperature is again established, giving 
rise to explosive decomposition.^ Thus, one disturb;wce 
can trigger a whole series of explosions. The behavior 
with the ptqpellants reversed is identical. From the above 
observations dt is apparent that premixing of N 0 4 and 
N 2 H 4 with a set of knife-edge concentric tubes is not 
feasible. Eitner the reaction proceeds with destructive 
violence or, if* steady operation is somehow' established, 
the propellants escaping from the mixing section are lam- 
inated to sucH a degree that complete combustion is not 
possible in any reasonable chamber length. 


2. Deftectdjr. The extent of mixing betw een the propel- 
lants can be greatly enhanced by providing a deflector at 
the end of tfib inner tube, such as the one shown^ in 
Figs. 9 and 10. 1 The deflector effectively redirects the 
component in the center tube so that it frnpinges at right 
angles on the component in the annulus A maximum 
degree of penetration of the two propellant films is 
expected with such a geometry. The characteristics of the 
flame produced by a set of concentric tubes with such i 
deflector at tjhe end of the inner tube are shown in Plate 
21. In this pilot ograph the oxidizer is in the annulus and 
the fuel is in the center tube. Compared to the streams 
produced without the deflector (Plate 20) there is a 
marked increase in the extent of reaction. A fair amount 
of separation is, however, still evident. The fuel is forced 
predominantly to the inside while some of the oxidizer 
forms a mantle around the flame. Apparently, a large 
enough quantity of heat is released during the- initial reac- 
tions to vaporize most of the^oxidizer. However, since the 
fuel has a considerably higher heat of vaporization, it is 
not completely vaporized, and streaks characteristic of 
burning fuel droplets are apparent in the photograph. 
Some of these burning droplets appear to penetrate 
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through the fnantle of vaporized oxidizer. The average 
local mixture ratio within the mantle is therefore not as 
high as it appears at first glance. 

The characteristics of the flame are not materially 
> affected by the presence of a flat injector face plate, as 
shown in Plate 22. The degree of separation of the two 
propellants appears to be unchanged. The large droplet 
hanging from the bottom of the injector face plate is 
hydr azine that has been sprayed through the oxidizer 
i mantle and has accumulated on the injector face plate. 
The temperature of this hydrazine is apparently not high 
enough to cause spontaneous decomposition; instead, the 
liydrazine burns in air and nitrogen tetroxide vapor \ykh 
a diffusion flame. 

From Plate 22 it appears that a more uniform mixture- 
ratio distribution may be established by redirecting the 
excess oxidizer surrounding the flame in such a manner 
that it has to pass through the flame where it can react 
with excess fuel. This may be conveniently accomplished 
by the addition of a short chamber section to the injector 
face^pk*?. Plate 23 shows the operation of the injector 
de?4ibed above with a 0.15-in. -long, 0.925-in. -diameter 
chamber section. The mixture-ratio distribution in this 
flame shows great improvement over that without the 
chamber section. However, some oxidizer concentration 
on the outside of the flame and some streaks due to burn- 
ing hydrazine droplets are still present. As in the two 
previous photographs, the center portion of the flame is 
marked by the surrounding luminous reaction zones. The 
liquid streams at the bottom of the chamber are due to 
water used for cooling the combustion chamber section. 

. The true character of this flame can be seen more 
clearly in Plate 24, which shows the operation of the 
injector with a l.Oin.-long, 0.925-in. -diameter chamber. 
The fuel is again in the center tube and the oxidizer is 
in the annulus. Because of the absence of a large luminous 
combustion mantle, the center portion of the flame can 
be seen quite clearly. A possible interpretation of the 
picture is that the flame consists essentially of three parts: 
a relatively cool hydrazine-rich core located in the center; 
oxidizer present in relatively high concentrations in the 
outer portions of the flame; and a zone of highly luminous 
reaction in between. Streaks due to burning hydrazine 
droplets are no longer present. Apparently, a large 
enough quantity of heat is generated by the reactions of 
the mixed liquids within the chamber section to bring 




about nearly complete vaporization. Combustion then 
proceeds toward completion bv vapor-phase reactions.; 

By sufficiently increasing the propellant flow fates, the 
pressure within the 1-in. -long chamber section can be 
raised high enough so that sonic flow is reached at the 
open end of the chamber. Under such condition*; fbe ^ 
approximate value of the characteristic exhaust velocity 
may be determined by measuring the propellant fl6\v J 
rates and the chamber pressure at the injector end. Am 
appropriate correction for the velocity head can then be 
made with reasonable accuracy. In this manner charac- 
teristic exhaust velocities of about 4,800 i t /sec were 
obtained with fair reproducibility. This means that with 
a characteristic length IJ of only 1 in., approximately 70* 
of the total available heat release has taken place. The 
gas-phase residence time, which is related to the charac- 
teristic chamber length, therefore can not be an impor- 
tant parameter in determining over-all performance. The 
rate of initial mixing and the uniformity of the mixture- 
ratio distribution within the combustion chamber appear 
to be of much greater importance in determining the per- 
formance level in motors having an L ! of more than a few 
inches. 

The next series of three photographs. Plates 25 through 
27, were taken under the same conditions as Plates 22 
through 24, except that the positions of the fuel and oxi- 
dizer were reversed. In Plates 25 through 27 the fuel is in 
the annulus and the oxidizer in the inner tube. 

^\w Plate 25 the quantity of fuel accumulated onJjpf^ 
injector face plate appears to be far in excess o{ the 
amount of oxidizer present in the same region iq Plate 22. 

This is probably a result of the fact that hydrazine has a 
boiling point and heat of vaporization high enough that 
accumulation of the liquid may take place, while the oxi- 
dizer is entirely vaporized. The degree of separation of 
the propellants upon contact is therefore probably about 
equivalent in the two cases. 

It is interesting to note that the hydrazine accumulated 
on the injector face plate in Plate 25 is quite stable and 
does not decompose explosively, even though it is in con- 
tact with vaporized oxidizer and is boiling vigorously. It 
appears from this observation that in an unconfined region 
hydrazine is not prone to decompose explosively, 1i 

Plates 26 and 27 show the same general flame charac- 
teristics and the same degree of maldistribution in mix- 
ture ratio as the corresponding flames with the propellants 
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reversed. From this it follows that the per finance with 
the fuel and oxidizer in different* positions ^hould not 
be expeeted to be markedly different, aCjjleitft at this 
scale. This has actually been observed expeari men tally. • 

These results of the behavior of the N J 0 4 -N J H, pro- 
pellant system in concentric-tube elements support the 
^hypothesis previously advanced for impinging streams; 
namely, that the initial reactions between these propel- 
lants are so fast that good liquid-phase mixing is pre- 
vented by a layer of expanding gaseous reaction products 
formed at the liquid-liquid interface immediately upon 
contact. 

In addition, the open-flame tests with N_.0 4 and N L .H 4 
suggest several other principles igoveming their com- 
bustion: 

1. The initial reactions between the N-jO* and N 2 H 4 
which do mix release sufficient heat to vaporize a 
substantial portion of the propellant mixture. 

2. Forced liquid-phase mixing in a very confined 
volume is not feasible because of the formation of 
detonable fuel-rich mixtures. 

3. The important parameters in determining the com- 
pleteness of combustion are the rate of initial 
mixing and the uniformity in mixture-ratio distri- 
bution. The characteristic chamber length appears 
to be relatively unimportant ovefcthe range tested. 



The results of the open-flame tests described above left 
some hope that forced turbulent secondary mixing in a 
relatively unconfined volume may be exploited as an 
injection technique. If just enough volume is provided 
for the escape of the gases generated during the initial 
reactions, a stable mixing region might be maintained in 
which the propellants can be further mixed prior to 
injection into the main motor chamber. Combustion can 
hen be carried to completion by vapor-phase reactions 
in the combustion chamber proper. Accordingly, an injec- 
tor using the exact tube configuration shown in Figs. 9 
and 10 was constructc^with a 0.75-in. -long mixing section 
equal in diameter to] the nozzle throat (0.333 in). Tests 
were carried out with the inner tube retracted to different 
positions within this mixing section. The characteristic 
exhaust f velocity as a function of retraction distance is 
shown in Fig. 13. For comparison, the performance at the 
same characteristic chamber length L* and at the same 
total chamber length, including the mixing section, are 
also 1 included. The relatively low performance at zero 
retraction is a result of the fact that the fuel, the com- 
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Fig. 13. Performance of 40-lb-Thrust N 2 0 4 — N_H, Motor 
with Concentric-Tube Injector Element as a Function 
of Retraction into a Mixing Section 


ponent in the annulus, has to traverse the entire length of 
the mixing section as a free stream. Any initial annular 
unsymmetrical distribution is magnified in the free stream, 
and a i^onuniform mixture-ratio distribution can result. 
The sharp decrease in the characteristic exhaust velocity 
with initial retraction is probably caused hv partial 
impingement and condensation of the deflected hydrazine 
on the mixing section walls, resulting in less oxidizer 
penetration. With additional retraction, turbulent mixing 
and vaporization overcome the initial separation. 

It can be seen frrfm Fig. 13 that a slight improvement 
in the performance is realized over that obtainable in the 
same total chamber length without the mixing section. 
The pressure drop in the mixing section at full retraction 
is, however, about 150 psi, which makes this method of 
improving the performance impractical. In light of this 
fact, premixing in a relatively unconfined mixing section 
was abandoned as an injection technique. 

E. Alofor Tests with N O -N,H. at 80-lb Thrust 

Based on the successful Operation of the 40-lb-thrust 
injector, an 80-lb-thrust element was designed, built, and 
tested. The scale-up was made by increasing all pertinent 
linear dimensions of the 40-lb-thrust element by a factor 
of \ 2. Thus, all flow areas were increased by a factor 
of 2 and the injection velocities were unchanged. The 
limited data obtained with this element with hydrazine 
in the center tube are plotted in Fig. 14. It is worthwhile 
noting that characteristic exhaust velocities close to theo- 
retical frozen flow were obtained even though the char- 
acteristic chamber length L* was only 12 in. Here again 
is further evidence that the characteristic chamber length 
is not the parameter governing the completeness of the 
combustion in a rocket motor. 
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Fig. 14. Performance of 80-lb-Thrust N : O t -N H, Motor 
with Concentric-Tube Injector Element 


F. Motors Tests with NO-NH at 800-lb Thrust 

In order to determine the effect of large variations in 
element size, an element was geometrically scaled from 
40-lb to 800-lb thrust. The resultant 800-lb element is 
showij in Figs. 15 and 16. The two major deviations from 
an exact geometrical scaling h> in the design of J,hq prc>- 
pellant feed pa>tagos andlif the different method of fixing 
fhe deflector pin at the end of the inner tube. The f* *ed 
passages were redesigned to allow the establishment 4 of 
stabilized turbulent velocity profiles in the annulus in 
a comparatively short distance. The method of fixing the 
deflector pin used at the 40-lb-thrust scale— namely, 
threading and crimping the inner tube— was found to be 
insufficient to withstand the high level of vibration 
encountered in the first few tests \\ath the 800-lb injector- 
The pin was therefore fixe^J by means of a long rod 
located in the center of the inrfer tribe. This rod was 
brought out of the inner tube through an elbow and was 
silver soldered there. It was spaced with respect to the 
inner tube by means of three guide vanes. It was found 
that no appreciable disturbance in the flow pattern results 

* the vanes are located at least 1 in. upstream of the 
1 deflector pin. 

The geometrically scaled element with the tube design 
of Fig. 15 produced unexpectedly rough combustion and 
performance that was only a little better than that 
obtained with a two-on-two element at this thrust level. 
The following presents a possible explanation for these 
results: 



Fig.^5. 800-lb-Thrust Concentric-Tube Injector with 
Original Tube Configuration 

At the larger scale the element produced flicker and 
more nearly uniform propellant sheets. As these sheets 
are allow^toimpinge on each other, only a very small 
amount of liquid-phase mixing efin take place before 
large 'enough quantities of gas are generated to cause t 
lamination of the two propellants. At the 40-lb scale, a 
where the propellant sheets are comparatively thin and 
streaked, a larger fraction of the total propellants avail! 
able can take part in the initial mixing and reaction .J 
At the 800-lb scale, however, owing to the uniformity in; 
thickness and in momentum profile of the propellant 
sheets, no preferred points for ilije escape of the gases 
generated in the initial reactions Exist. The propellants 
are therefore more or less uniformly forced apart, which 
results in a greater percentage of the tfbtal ptopellant 
being unmixed. Any further mixfng between the Ipropel- 
lants has to take place downstream in the comlkistion^ 
chamber by diffusion and recirculation, which is a IpMl 
tively slow process. The lower performance at the larger 
scale can thus be traced to the thicker and more uniform 
propellant sheets. 
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Fig. 16. Original tybe Configuration of 800-lb-Thrust 
Concentric-Tube Injector 


The rough combustion, also, may be a direct product ofi 
the lamination of th^ propellants, since comfmSfively 
large pockets consisting mainly of one component or the^ 
other appear to be formed. Pockets consisting predomi- 
itontlv of nitrogen tetroxfde only serve to lower the 
Over all performance, but do not contribute to rough 
combustion. When fuel is on the outside, it is believed 
that pockets consisting mainly of hydrazine vapor and 
partially oxidized hydrazine, confined between the oxi- 
dizer flow and the chamber walls, undergo explosive 
decomposition and thus give rise to large local pressure 
fluctuations. In the impingement zone the pressure fluc- 
tuations are so large and so violent that they severely 
disturb the propellant flows and prevent the establish- 
ment of steady-state conditions. In fact, under some con- 
ditions the violence of these explosions is so great that 
the propellant flows are completely stagnated. An oscil- 
lograph record of a motor test showing the primary 
fluctuations in the chamber pressure and the induced 
fluctuations in the injection pressures is shown in Fig. 17. 

Two methods of coping with the problem of rough 
combustion and low performance appeared to be feasible. 
First, the impingement zone can be removed from the 
points of injection of the propellants so that fluctuations 
of the local pressure within the impingement zone cannot 
disturb the propellant flows. Second, some controlled 
and reproducible nonuniformity in the thickness of at 
least one of the propellant sheet* can he^ntroduced in 
order to allow penetration of one propellant into the other. 
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Fig. 17. Oscillograph Record of 800-lb-Thrust 


N-OH NjH 4 Motor Test with Injector Shown in Fig. 16 
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In order to meet the first requirement, the tube con- 
figuration of the 800-lb-thrust injector in Fig. 15 was 
modified according to Fig. 18. The propellant in the 
annulus now forms a hollow cone which intercepts the 
radial sheet of the other propellant approximately Mr in. 
away from the injector face plate. Both of the propellant 
passages are shaped in such a manner that the cross- 
sectional flow area decreases with distance measured in 
the direction of flow just prior to injection. This insures 



more stable streams and full flow under all conditions. 
The flow areas can easily be varied by changing the 
position of the deflector pin with respect to the inner tube. 

In a series of experiments it was found that this injector 
operates stably only with the fuel in the inner tube, and 
then only if the oxidizer injection velocity is less than 
approximately 40 ft/sec. If the fuel is in the annulus, a 
large accumulation of hydrazine on the injector face plate 
and on the chamber walls takes place. The heat gene- 
rated in the combustion chamber quickly brings this 
hydrazine to a high enough temperature that it decom- 
poses explosively, giving rise to. severe chamber pressure 
fluctuations. Apparently, the same type of phenomenon 
occurs if the oxidizer injection velocity is too high. In 
this case a great deal of fuel is forced to the center of the 
chamber and there undergoes explosive decomposition. 

The performance of this injector at various propellant 
sheet thicknesses is shown in Fig. 19. Only data corre- 
sponding to stable operation are reported. The combustion 
with this injector is extremely smooth when operating 
with the fuel in the inner tube and with low oxidizer- 
injection velocities. An oscillograph record showing the 
operation of the injector is reproduced in Fig, 20. It seems 
that removal of the impingement cone from the points of 
injection of the propellants does actually result in greater 
stability; however, the absolute performance js still rela- 
tively low. Apparently a great deal pf separation is tak- 
ing place upon initial contact of the propellant sheets. 
It is interesting to note that all performance data points 
fall on a single straight line, even though they correspond 
to widely different injection conditions. No correlation i^ 
obtained if the data are replotted vs velocity ratiqt 
momentum ratio, or either of the injection velocities. Fron| 
this it follows that the shape of the curve in Fig. 19 
determined purely by the mixture ratio and is not depend-^ 
cut upon Ure injection velocities or momentum. 

In an attempt to obtain high performance as well asjtf 
smooth combustion, the 800-lb-thrust element was modi-? 
fled to meet both requirements outlined above. This I 
modification is shown in Fig. 21. The impingement zyne ! 
is removed fr<#n the points of injection by pushing the |j 
inner tube some distance out into the chamber. It was 
found that extending the inner tube beyond U in. had 
little effect on the performance and the combustion sta- 
bility. In oi;der to achieve better penetration of fuel into 
oxidizer, 24 triangular saw teeth with a 30-deg included 
angle were cut in the end of the inner tube and the 
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Fig. 21. Modification No. 2 of Tube Configuration of 
800-lb-Thru$t Concentric-Tube Injector 


deflector pin was fixed at the end i>f these teetljjk In^this 
manner the continuous annular sheet of oxidizerfe inter- 
cepted by 24 relatively district streams of fuel. A great 
deal of penetration is thus obtained. Some of th<f gases 
produced upon initial contact can escape between the 
streams without materially laminating the propellants. V, 
In fact, the orxidizer and fuel may both be atomized 1 
and distributed fairly evenly in all directions bv these 
expanding vapors. 

The performance of this injector with the inner tube 
extended Vs in. into the chamber is shown in Fig. 2$. An 
oscillograph record showing the stability of the combus- 
tion is reproduced in Fig. 23. The chamber-pressure* fluc- 
tuations with this modification are somewhat larger than 
those with the injector of Fig. 18; however, the fluctua- 
tions are well within tolerable limits for a single element* 
about dr 5-8% of steady state pressure. The performance; of 
this injector as measured by the percentage of theoretical 
characteristic velocity is extremely high, especially afc low 
mixture ratios. It can be seen that if theMest dataAvere 
corrected for heat losses, several of tne experupental 
points woidd lie above the frozen flowetn ve. / 



MIXTURE RATIO 




Fig. 22. Performance of 800-lb-Thrust NO, —NTT Motor with Concentric-Tube Injector Element Shown ip Fig, 21 
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Fig. 23. Oscillograph Record of 800-lb-Thrust N.O.-N.H, Motor Test with Injector Shown in Fig. 21 



In order to optimize the performance of this type of 
injector, the number of saw teeth at the end of the inner 
tube was varied. With 16 teeth the injector operated very 
roughly and at low. performance under all conditions. 
Possibly, the 16 streams penetrate completely throijgh 
the oxidizer, and an accumulation of hydrazine at the 
chamber walls occurs. This hydrazine may then decom- 
pose explosively, giving rise to rough combustion. A mod- 


ification with 32 saw teeth was also tested. Here the 
combustion was smooth, but the characteristic exhaust 
velocities were 150 to 200 ft/sec lower than those obtained 
with the 24-tooth inner tube. In addition, the pressure 
drop across the teeth was excessive. It is suggested that 
further work lje carried out to optimize this type of 
injector, with emphasis on improvirtg the performance 
at high mixture ratios. 


Progress Report No. 30-4 











Jet Propulsion Laboratory 


VII. CONCLUSIONS 




- m 



w 




The experimental results summarized in this report 
show that for certain propellants the rat# of vaporization 
and therefore the combustion profile in rocket motors can 
be controlled by the reactions occurring in the liquid 
phase. For most acid-oxidized systems some slight delay 
occurs between mixing and rapid self-vaporization. Thus, 
uniform mixture-ratio distributions can be obtained by 
various methods $uch as impinging streams and premixing. 

The successful operation of the very reactive systems 
N .O,-N l H, and C1F however, appears to require 
special techniques for obtaining uniform penetration of 
the hydrazine into the oxidizer. This mixing must be done 
rapidly and completely if hydrazine vapor explosions are 
to be prevented. These hypotheses are supported both by 


1 


photographic studies^ open flames and by performance 
data obtained in recenf motor tests over a thrust range 
from 40 to 800 lb per element. With impinging streams, 
this effect can be accomplished through the use of a 
splash plate or by means of some other method of forced 
secondary mixing. An alternative technique is to force 
penetration of fuel into an annular sheet of oxidizer, as 
in the various concentric-tube designs experimentally 
investigated in this study. 


By using injector elements for reactive propellants 
which produce on a macroscale a uniform initial mixture- 
ratio distribution and maximum liquid-phase mixing, high 
performance can be expected with a minimum number 
of such elements at any total thrust level. 


Progress Report No. 30-4 


Jet Propulsion Laboratory 


NOMENCLATURE 


c* — characteristic exhaust velocity, ft/sec. 
c* h , eq = theoretical characteristic exhaust velocity based on equilibrium flow. 
c* h r. = theoretical characteristic exhaust velocity based on frozen flow. 

AH th = enthalpy of reaction from thermodynamical calculations. 

L* = characteristic chamber length, in. 
p = pressure fluctuation. 

P c = chamber pressure, psia. 

Q c = heat transfer from injector face to throat, 
r = mixture ratio (oxidizer /fuel). 


% 
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Plate 1. Triplet Injector Element Using SFNA— JPX at Non-optimum 
Stream-Velocity Ratio (Oxidizer Rich) 







Plate 2. Triplet Injector Element Using SFNA-JPX at Near-optimum 
Stream-Velocity Ratio 
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Plate 3. Two-on-Two Injector Element Using SFNA-JPX at 
Near-optimum Stream-Velocity Ratio 


Plate 4. Two-on-Two Injector Element Using SFNA— UDMH at 
Near-optimum Stream-Velocity Ratio 
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Plate 5. Two-on-Two Injector Element Using hTO,-UDMH at Fuel-Rich 
Mixture Ratio for Non-optimum Mixing 


Plate 6. Two-on-Two Injector Element Using N.O t -UDMH at Oxidizer-Rich 
Mixture Ratio for Non-optimum Mixing 

.• .. . 
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Plate 7. Two-on-Two Injector Element Using N.O.-UDMH at Mixture 
Ratio for Near-optimum Mixing 
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Plate 8. Concentric Water Streams Impinging on Flat End of Rod, Showing 
Inert-Liquid Spray Pattern 






Plate 9. Concentric Streams, Outer N 0 4 , Inner N H„ Impinging on Flat End 
of Rod, Showing Separation of Reactive Liquids 
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Platell. NjO, Stream Impinging at 120 deg on NjH* Stream, 
Showing Separation 
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Plate 12. hTO, Stream Impinging at 45 deg on NjH, Stream, 
Showing Separation 


Plate 13. View of 80-lb-Thrust Motor Using Impinging Doublet 
with N.OrN.H, 
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Plate 14. Portion of High-Speed Motion Picture of 
80-lb-Thrust Motor Using Doublet Injector with 
NjO.-NjH,, Showing Explosions of 
Partially Mixed Fuel 


Plate 15. Schematic Diagram of Injector Showing 
Impinging-Stream Distribution Characteristics 
With and Without a Splash Plate, 

Using N J O l -N 2 H 4 
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Plate 16. Concentric Tubes Having Knife-Edge Inner Tube, Showing 
Resulting Stream with Water in Both Center Tube and Annulus 


Plate 17. Concentric Tubes Having Knife-Edge Inner Tube, Showing 
Dispersion and Combustion with SFNA in Annulus and JPX in 
Center Tube (0.27-in. Retraction) 
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Plate 18. Concentric Tubes Having Knife-Edge Inner Tube, Showing 
Near-uniform Vapor Mixture of SFNA-JPX with Resulting 
Flame Zone (0.35-in. Retraction) 


* 1 ' 


Plate 19. Concentric Tubes Having Knife-Edge Inner Tube, Showing 
Operation with SFNA— UDMH (Zero Retraction) 
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Plate 20. Concentric Tubes Having Knife-Edge Inner Tube, Showing 
Separation of Annular N H 4 from Center Stream N 0 4 (Zero Retraction) 





Plate 21. Concentric Tubes Having Distributor Pin at End of 
Inner Tube, Using N 2 0 4 -N 2 H 4 
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Plate 22. Concentric Tube* of Plate 21 with Injector Face Plate 


Plate 23. Concentric-Tube Injector of Plate 22 with 0.1 5-in. -long Chamber 
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Plate 24. Concentric-Tube Injector of Plate 22 with 1 .0-in.-long Chamber 



* 




Plate 25. Concentric-Tube Injector of Plate 22 with Propellants 
Reversed (NjH, in Annulus) 
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Plate 26. Concentric-Tube Injector of Plate 25 with 0.1 5-in. -long Chamber 





f 

Plate 27. Concentric-Tube Injector of Plate 25 with 1 .0-in.-long Chamber 
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